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Electronic and thermoelectric properties of Mg,Ge,Sn;
(x = 0.25, 0.50, 0.75) solid solutions by first-principles
calculations
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The electronic structure and thermoelectric (TE) properties of Mg, Ge,Sn;_, (x = 0.25, 0.50, 0.75) solid solutions
are investigated by first-principles calculations and semi-classical Boltzmann theory. The special quasi-random structure
(SQS) is used to model the solid solutions, which can produce reasonable band gaps with respect to experimental results.
The n-type solid solutions have an excellent thermoelectric performance with maximum z7" values exceeding 2.0, where
the combination of low lattice thermal conductivity and high power factor (PF) plays an important role. These values are
higher than those of pure Mg, Sn and Mg,Ge. The p-type solid solutions are inferior to the n-type ones, mainly due to the
much lower PF. The maximum z7 value of 0.62 is predicted for p-type Mg, Geg 25Sng 75 at 800 K. The results suggest that
the n-type Mg, Ge,Sn;_, solid solutions are promising mid-temperature TE materials.
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1. Introduction

Thermoelectric (TE) materials have attracted lots of at-
tention because of their wide application prospects in the
recovery of waste heat, the efficiency of which are mea-
sured by the dimensionless figure of merit, 7T = 68T / (k. +
ki), where S, T, o, and (k. + k) are the Seebeck coeffi-
cient, temperature, electrical conductivity, and thermal con-
ductivity contributed by electron (k.) and lattice (kj), re-
spectively. For promising commercial TE materials, they
should have high z7' combining simultaneously high power
factor S?c and low thermal conductivity. Materials with
zI' > 1, such as PbTe-based alloys,m layered SnSe, 2!
BiCuSnO oxyselenides,>! Skutterudites,®’”) half-Heusler
MgAgSb, 91 copper chalcogenides,!!”! graphdiyne,!'!! and
Mg, Si-based solid solutions,[1229] have been considered
for large-scale power generation application at the mid-
temperature region between 400 K and 800 K. Although de-
veloping higher z7' value TE materials has always been the
core issue, ensuring environmental friendliness is also becom-
ing more and more important.

The solid solution Mg>X (X =Si, Ge, Sn) compounds
are made from naturally abundant non-toxic elements, which
are promising green TE materials. Compared to PbTe-based
TE materials, Mg>X compounds have the innate advantages
of being non-toxic and low density. Most studies have been
focused on the TE performance of Mg, X system, where the
T of n-type is significantly higher than that of the p-type.!°]
The inferior p-type performance is mainly due to the much
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lower intrinsic hole mobility with respect to electron mo-
bility in MgyX compounds.?!! In pure binary Mg, X com-
pounds, Mg,>Sn has the highest hole to electron mobility ra-
tio, which is considered as the appropriate test bed for p-
type doping. Moreover, it is found that the intrinsic ther-
mal conductivity is high for any pure binary Mg,X, thus,
it is hard to achieve a high z7 without introducing strong
phonon scattering, such as solid solution and impurity dop-
ing, etc. Many efforts have been made to investigate the TE
performance of Mg, X solid solution system. For instance, Liu
et al.1"3] studied the n-type Mg, Si;_,Sn, solid solutions and
found a zT value of 1.3 at 700 K; Liu er al.[**! studied the
TE properties of n-type Mg>Geg 25Sng 75, where the z7' value
reached 1.4 at 723 K; Jiang et al.'>> have successfully synthe-
sized a p-type Mgj.98GegaSng eAgo.02 With zT value of 0.38
at 675 K; Boor et al.”**! investigated the potential of p-type
MgyrGe.4Sng e using Li as dopant, predicting a high power
factor of 1.7 x 1073 W/mK?2 at 700 K and z7jnax > 0.5; Sun et
al.'") researched Mg, Geg 5Sng 5 solid solution using supercell
models based on first-principles calculations and found a peak
zT value of 2.25 for n-type and 0.4 for p-type at 1000 K. The-
oretically, the simple approach based on first principles cal-
culations to model solid solution compounds is the supercell
method. However, due to the limitations of computer perfor-
mance, the conventional size of the first principles supercell
can only be hundreds of atoms, which is far from enough to re-
store a real disordered state. Therefore, several methods have
been proposed to deal with this problem, such as the cluster
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expansion,?! special quasi-random structure (SQS),?%! and
the virtual crystal structure method.!*”) Among them, the SQS
method has been successfully combined with first principles
to study the electronic and thermodynamic properties of dis-
ordered phases,?®=3 the basic idea of which is to produce
an SQS with configurational correlation functions (CF) very
close to those of solid solutions.

In this study, we investigate the TE properties of n-type
and p-type Mg>Ge,Snj_, (x = 0.25, 0.50, 0.75) solid solu-
tions based on first-principles and SQS method. Mg>(Ge, Sn)
solid solutions have been pointed out to having a favorable
hole to electron mobility ratio, which are considered to be the
most promising for p-type thermoelectricity.[*!3?] Balancing
the limitation of computer capability and calculation accuracy,
we take the maximum usage of SQS-24 cell to model the dis-
order phase. We obtained higher z7 values for both n-type and
p-type Mg>Ge,Snj_, compared with the ordered supercell due
to the fact that SQS structures are closer to the real disordered
state with respect to the traditional supercell method. Further
comparison with literature data provides some understanding
of the influence of the Ge/Sn ratio on electronic and TE prop-
erties.

2. Computational detail

In this study, we consider mixing the anion sublat-
tice of the rocksalt crystal structure Mg,Ge,Sn;_, with x =
0.25, 0.5, and 0.75. The SQSs were generated by using
the ATAT package.!®3] These structural relaxations and en-
ergetic calculations were performed using density functional
theory (DFT) as implemented in Vienna Ab-initio Simula-
tion Package (VASP).[*¥ The electron—ion interaction is de-
scribed by the projector-augmented-wave (PAW) method.[*3!
The generalized-gradient approximation (GGA) with Perdew,
Burke, and Ernzerhof (PBE) form![3®! is used to describe the
exchange—correlation function. The plane-wave cutoff en-
ergy is 450 eV, and the energy convergence criterion is cho-
sen to be 107> eV. The integration over the Brillouin zone
(BZ) is done with 5 x 5 x 5 Monkhorst—Pack grid meshes?”}

to ensure the Hellmann—Feynman forces on each ion to be
less than 0.05 eV-A~' and energy converged to less than
0.1 meV. Phonon dispersion curves of SQSs were calculated
using 2 x 2 x 2 supercell by the density functional perturba-
tion theory (DFPT) with the help of Phonopy package. 38!

The TE transport properties of Mg,Ge,Sn;_, were cal-
culated by the linearized augmented-plane-wave (LAPW)
method using the WIEN2k code.**! The cutoff parameter for
the basis is RiminKmax = 7, and the number of & points is 1000 in
BZ for the self-consistent calculations. The modified Becke—
Johnson potential of Tran and Blaha (TB-mBJ)[“%41] is used
to obtain the electronic structures. The TE transport prop-
erties were calculated through the semi-classical Boltzmann
theory and the rigid-band approach as implemented in the
BoltzTraP code.[*?) The constant scattering time approxima-
tion (CSTA) is used, which is based on the assumption that
the scattering time determining the electrical conductivity does
not vary strongly with energy on the scale of kg7'. This ap-
proximation does not involve any assumption about the possi-
ble strong doping and temperature dependence of relaxation
time, 7, which has been successfully applied in predicting
electrical transport properties for many TE materials.*>~*1 In
this way, the Seebeck coefficient S is independent of 7, while
the electrical conductivity ¢ and k. can only be evaluated with
respect to the parameter 7.

3. Results and discussion
3.1. Atomic structure and phase stability

In order to produce the fraction x = 0.25 and 0.75, the
In this
study, we consider mixing on the anion sublattice of the rock-

minimum SQS supercell should contain 12 atoms.

salt crystal structure. For each fraction, the atom positions
are randomly exchanged between the atoms, terminated until
the atomic arrangement of a supercell converges to the clos-
est CFs of the random solution and the error is estimated by
X (T4 — 1T, ,,)?. The CFs of pairs and triplets are listed in
Table 1.

Table 1. Pair and multi-site correlation functions of SQS structures for Mg, Ge,Sn;_, solid solutions.

x=0.25 x=0.5 x=0.75

Figure = Random SQS-12 SQS-24 Random SQS-12  SQS-24 Random SQS-12  SQS-24
I, [06] 0.25 —-0.0833  0.1667 0 0 0 0.25 -0.0833  0.1667
I1,,[03] 0.25 -0.25 0.1667 0 -0.3333 0 0.25 -0.25 0.1667
I, 3[12] 0.25 0 0.25 0 0 -0.1667 0.25 0 0.25
I, 4[06] 0.25 0.25 0.1667 0 -0.3333  0.3333 0.25 0.25 0.1667
I, 5[12] 0.25 0.0833  0.3333 0 0 0 0.25 0.0833  0.3333
I 6[04] 0.25 -0.25 0.375 0 1 0 0.25 -0.25 0.375
I 7[24] 0.25 0 0.2917 0 0 -0.1667 0.25 0 0.2917
I3 1 [08] 0.125 -0.125 0 0 0 0 0.125 -0.125 0
I3, [12] 0.125 -0.2917 0 0 0 0 0.125 -0.2917 0

Error 0 1.0 0.0764 0 1.2222  0.1667 0 1.0 0.0764
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For the SQS-12 supercell, the errors of the CF are 1.0
for x =0.25 (0.75) and 1.22 for x = 0.5 accounting for the 7th
nearest neighbors. Though SQS-12 possesses many pair corre-
lations that match the random alloy statistics, the discrepancies
are relatively large. In order to minimize error, we doubled the
SQS supercell, and the CFs of SQS-24 are also listed in Ta-
ble 1. Compared to SQS-12, the usage of SQS-24 supercell
reduces the error largely with more pair correlations match-
ing the random alloy statistics for all these three proportions.
For x = 0.25 (0.75), the error of the 7th nearest neighbors is
only 0.0764. Although enlarging the SQS supercell may fur-
ther reduce the error, this size represents a good compromise
between accuracy and the computational requirements associ-
ated with the TE transport property calculations. Thus, in the
following, we choose the SQS-24 for the electronic and TE
property studies.

The special quasi-random structures with 24 atoms for
these three solid solutions are shown in the following Fig. 1.
The optimized lattice constants are a = 8.23 A, b = 8.24 A,
c=9.51 A for Mg>Geg25Sng7s, a = 5.47 A, b =9.61 A,
c=11.49 A for Mg,Ge(5Sng s, and a = 8.23 A, b = 8.24 A,
c=9.51 A for Mg>Geg 75Sng 25, respectively. Correspond-

slightly larger than that of 580.89 A3 for Mg,Geg sSng.s and
556.80 A3 for Mngeo_75Sn0,25.

“"ﬁgo?f ‘Wﬁ‘b ""?3’ o,
o @; e%% O Sn
(a)

Fig. 1. (color online) The SQSs of MngexSnl,X solid solutions with (a)
x=0.25, (b) x=0.5, and (c) x=0.75, respectively. The number of atoms in the
SQS unit cell is 24.

Using these SQSs, we calculated the phonon dispersion
curves, as shown in Fig. 2, in comparison with the counter-
parts of pure Mg,Ge and Mg,Sn. Clearly, there are no imag-
inary frequencies existing in all these phonon dispersion rela-
tions, indicating the dynamical stability of these SQSs. Com-
pared to the pure Mg,Sn and Mg,Ge, the slopes of acous-
tic modes of solid solutions are reduced largely, reflecting
a lower phonon group velocity. The low-frequency optical
modes are mixed with the acoustic branches in Mg, Geg 5Sng 5
and Mg>Ge 75Sng 25, showing the strong phonon scattering
between them. Both the low group velocity and strong phonon
scattering are beneficial to reducing the lattice thermal conduc-

ingly, the volume of MgyGeg5Sng 75 is 608.79 A3, which is tivity.
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Fig. 2. (color online) The calculated phonon dispersion curves of Mg, Ge,Snj_, at (a) x=0.25, (b) x=0.5, and (c) x=0.75, respectively. The corresponding results
of Mg, Sn (red solid lines in panel (a)) and Mg, Ge (blue solid lines in panel (c)) are also shown for comparison.

3.2. Electronic structure

The total density of states (DOS) and projected density of
states of Mg,Ge,Sn|_, solid solutions are shown in Fig. 3,
compared with those of pure Mg,Sn and Mg,Ge. In gen-
eral, all these densities of states are featured by four well-
resolved peaks, distributed on both sides of Fermi level. From
Fig. 3(a), the slope of the total DOS at VBM is larger than
that of CBM for any compositions, indicating that the effec-
tive mass of carriers of p-type is larger than that of n-type.
Since the effective mass is proportional to the Seebeck coeffi-
cient (S), the value of S for p-type Mg>Ge,Sn;_ is also larger
than that of n-type. From the partial density of states (PDOS)
as shown in Figs. 3(b)-3(f), the peak at CBM is largely ob-
served by the Mg-s orbital, while the peak at VBM nearby
is mainly contributed by the Sn-p orbital for Mg,Ge,5Sng 75

and Ge-p orbital for MgyGeg75Sng 5 respectively, indicat-
ing the occurrence of charge transfers from Mg to Sn or
Ge. Through the Bader analysis,*®! we can obtain the charge
transfer quantitatively, where about two electrons are trans-
ferred from Mg atom to Sn atom in Mg,Geg25Sng 75 or to
Ge atom in MgyGeg 755n9.25. In Mgy Geg5Sng 5, the Sn and
Ge atoms are almost equivalent in sharing the electrons. Fur-
ther analysis shows that these electrons are mainly from the
Mg-3s orbital. As x increases from 0.25 to 0.75, the band
gap between VBM and CBM is enlarged from 0.35 eV to
0.44 eV. These values lie in the experimental results for the
pure Mg;Sn of 0.3 eV and Mg>Ge of 0.6 eV.[47! Tt is noted
that the band gap of Mg>Geg 5Sng 5 calculated by the ordered
supercell is 0.23 eV, '] which is slightly lower than that of the
pure Mg, Sn and the present result of 0.4 eV.
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Fig. 3. (color online) (a) shows the total DOS for Mg,Ge,Snj_, at x = 0, 0.25, 0.5, 0.75, 1. Panels (b)—(f) show the projected DOS of Mg,Ge,Sn;_, solid

solutions. All the Fermi levels have been set at zero.

3.3. Debye temperature and lattice thermal conductivity

The Debye temperature (Op) describes atomic vibrations

to be elastic waves and it is related to the sound velocity. 48]
The Debye temperature can be expressed as follows:
ho( 3n\'"?
Op = — 1
D kB ( a0 ) Vm, ( )

where / and kg are Planck and Boltzmann constants, respec-
tively, n is the number of atoms in one unit cell, Q is the vol-
ume per unit cell, and vy, is the averaged sound velocity. Ap-
proximately, the averaged sound velocity can be calculated by

the following expression

where v = 1/G/p is the transverse elastic wave velocity, (p
[B+(4/3)G]/p is the

longitudinal elastic wave velocity. B and G are the bulk and

is the density of a material) and v| =

shear modulus, which can be determined by elastic constants
following B = (Cy; +2C12)/3 and G = (Cy; — C12 +3Cu4) /3,
respectively. The elastic constants Cy; ,Ciz, and Cs4 are ob-
tained by enforcing small strains on the equilibrium unit cell
based on Hooke’s law.[**1 Our calculated elastic moduli, sound
velocities and Debye temperature of Mg,Ge,Sn;_, are listed
in Table 2. As x increases, the values of v; and v; show de-

crease trends. MgyGeg 25Sng 75 has the lowest Debye temper-

|

1

2+
3 vt3

Dl
=

2)

ature due to the fact that ®p is proportional to v, according to

Eq. (1).

Table 2. The calculated elastic constants (C;;, in unit GPa), bulk modulus (B, in unit GPa), shear modulus (G, in unit GPa), density (p, in units
g/cm3), volume (V, in units A%), transverse sound velocity (v¢, in units m/s), longitudinal sound velocity (v, in units m/s), mean sound velocity
(Vm, in units m/s), Debye temperature (@p, in unit K), and minimum lattice thermal conductivity (Kpin) of Mgy GeyxSn;_, (x = 0.25, 0.5, 0.75)

solid solutions.

Phase C11/GPa  C1o/GPa  Cyu/GPa  pl(glem®)  V/A3  BIGPa  G/GPa  w/(m/s) w/(m/s) Op/K  Kmin

Mg, Geg25Sng 75 83.87 22.04 28.34 3.41 2538 4265 2937 2935 4898 329 0.69
Mg, Geg 5Sng 5 90.02 22.10 31.80 3.30 2427 4474 32.66 3146 5173 358 076
MgyGeg.75Sn0.25 90.42 22.43 3227 3.19 23.14  45.09 3296 3214 5283 372 0.80
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Based on Debye theory, the lattice thermal conductivity is
proportional to 1/7 at low temperature and reaches the min-
imum value at high temperature. When the temperature is
higher than the Debye temperature, the lattice thermal conduc-
tivity can be well estimated using the minimum lattice thermal
conductivity (Kmin), Where the phonon scattering is dominated
by the Umklapp process. The ki, can be calculated according

to the following expression ]

1 /mN\1/3
Knin =5 (5) KV 24w, 3

with V the average volume per atom. The results are
also listed in Table 2. Among these three solid solutions,
Mg,Geoo5Sng 75 has the lowest Kpin of 0.69 W-m~! . K1,
originating from its larger V and lower acoustic velocities.
This value is somewhat lower than the experimental data of

~1.2W-m~!.K~! for Mg,Geg»5Sng 75 at 723 K.[*? Since
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the minimum thermal conductivity should be regarded as the
lower limit of the lattice thermal conductivity for solid solu-
tions, it provides predictive theoretical guidance for methods
to further reduce the lattice thermal conductivity, such as the
fabrication and synthesis of nanostructures. >!]

3.4. Thermoelectric transport properties

The TE transport properties of Mg,Ge,Sn;_, solid so-
lutions were calculated by semi-classical Boltzmann theory
with CSTA. Using the W-F formula, x, = Lo T, the zT can be
further expressed as 77 = rS? /L, where L =2.45x 1078 W -
Q/K? is the standard Lorenz number and r = k. / (ke + &) < .
Thus, in order to obtain the z7" value, one still needs to calcu-
late the o and S parameters. It is well known that the carrier
concentration of a TE material with a good performance is in

the range of 10'° to 10?° carriers per cm™3.

1
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Fig. 4. (color online) Transport coefficients map of MgyGe,Sn;_, as a function of carrier concentration n and temperature 7 for x = 0.25 (top), 0.50 (mid),
0.75 (bottom), respectively. Panels (a)—(c) show the Seebeck coefficient; panels (d)—(f) show the electronic conductivity; panels (g)—(i) show the power
factor. The negative scale of x axis stands for the n-type, while the positive scale represents the p-type.
T N\2/3
mT () *
3n

the S is proportional to the effective mass of carrier, m*. From
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Fig. 4, generally, the S of p-type Mg,Ge,Sn;_, solid solu-
tions is larger than that of n-type covering the whole range
of concentrations considered here, consistent with the larger
valence-band effective mass. We note that there is a flexion of
the S curve in these solid solutions. As temperature increases,
the absolute value of S decreases at low concentration but in-
creases at high concentration. Actually, at high concentration,
S increases with increasing temperature due to the proportion-
ality between S and 7. However, at low concentration, the

(52 plays an important role in the contribution

bipolar effect
of S, which originates from the two types of carriers intro-
duced by a small band gap. The dipolar effect limits the TE
performance, which should be reduced as much as possible in
applications. This character also appears in the pure Mg,Sn
material. 5]

From the electronic structures above, o/T can be eas-
ily calculated as a function of carrier concentration and tem-
perature. However, in order to isolate the electrical con-
ductivity o, one should use the relation, o = (0/7) x T,
based on the CSTA, where the scattering time 7 should be
known. In typical electron—phonon regime, 7 is proportional
to T 1n"1/3, Thus, in the following, we use the experimen-
tal data to determine 7 and obtain the electrical conductiv-
ity 0. For p-type Mg>Ge,Sn;_, (x = 0.25, 0.5), the exper-
imental data from Jiang et al.!*3! is used. In this literature,
the Ag-doped Mg 93Ago.020Gep.4Sng ¢ solid solution has been
successfully synthesized. We select the same typical temper-
ature of 400 K as that in Ref. [19]. At 400 K, the Seebeck
coefficient S is about 203 pV/K. Compared with the calcu-
lated S from Fig. 4(a), the corresponding carrier concentration
is 9.4 x 10" em™3. Using the experimental electrical conduc-
tivity of 2.00 x 10* S/m and the calculated 6 /7, we obtain

a relaxation time of T = 0.56 x 10757 1p~1/3,

For n-type,
we choose the data from Liu ez al.??! at 300 K. Similarly, we
obtain the T = 3.9 x 1057 'n~1/3. Due to the lack of exper-
imental data for Mg,Geg 755n¢ 25, we adopt the same scatter-
ing time as that for Mg, Ge 25Sng 75. The calculated electrical
conductivities for these three types of solid solution are shown
in Figs. 4(d)—4(f). Evidently, the ¢ of the n-type is several
times higher than that of the p-type for all three solid solu-
tions.

The corresponding power factors (PF), S?c, can then be
obtained, which are shown in Figs. 4(g)—-4(i). The general
characteristics of these curves are similar with one peak at
each temperature. With the increase of carrier concentration,
the value of PF increases firstly to the maximum value and
then decreases. This is because PF is mainly dominated by ¢

at low carrier concentrations, while S plays an important role

in PF at high carrier concentrations. The maximum value of
PF is 0.8 mW/ mK? for p-type MgsGeg 25Sng 75 at 500 K and
5.96 mW/ mK? for n-type Mg, Ge 5Sng 5 at 700 K, which is in
good agreement with the experimental data, i.e., 0.9 mW/ mK?
at 500 K for p-type Mg>Geo.4Sng6'23 and 5.4 mW/mK? for
n-type Mg>Geg 25Sng.7s.12%!

We show in Fig. 5 the calculated electronic thermal con-
ductivity, k., as a function of carrier concentration from
10 cm—3 t0 1020 cm—3 and temperature from 500 K to 800 K,
according to the Wiedemann—Franz relation, k. = LoT. In
general, the k. increases monotonically with increasing the
carrier concentration for both p-type and n-type, similar to the
results of 6. As the concentration increases from 10'® cm—3
to 102 cm™3, the k. of the n-type solid solutions is increased
from ~ 02 W-m ' K 'to~2W-m ! K, in agree-
ment with the experimental values from ~ 1.1 W-m™! . K~!
to ~ 1.3 W-m~!-K! for MgrGep25Sng 75 with tempera-
ture increasing from 298 K to 723 K.!??! The k. of the p-
type is lower than that of the n-type by an order of mag-
nitude, which is increased from ~ 0.05 W-m~!-K~! to
~0.2W-m~!.K~! with the concentration increasing from
10" cm™3 to 10?0 cm~3.

type MgoGeop 5Sng 5 can be approximated by the difference be-

The experimental k. for the p-

tween the k and kj, which is increased from ~ 0.05 W-m~! -
K~ !to~0.15W-m~!.K~! with temperature increasing from
500 K to 700 K.[23! Our theoretical results are also consistent
with these observations.*>?3 The total thermal conductivity
can then be evaluated by the combination of k. and K.

800 ) 0
¢ 700 I
-~
S 600
500
: l -I |
1 "
500 I )
800
- (o)
X T00F
= I
600 |
500 . -
8 —4 0 4 8

- (b)
¢ 700t

T/

600

Carrier concentration n/10' cm~3

Fig. 5. (color online) Calculated k. of MgyGe,Sn;_, with (a) x = 0.25, (b)
x = 0.5, and (c) x = 0.75 as a function of the carrier concentration n and
the temperature 7', respectively. The negative scale of x axis stands for the
n-type, while the positive scale represents the p-type.

All the TE parameters are unified by z7' value to mea-

sure the TE performance. In Fig. 6, we show the calculated
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zT values of Mg,Ge,Sn;_, solid solution as a function of
temperature from 500 K to 800 K and carrier concentration
from 10 cm™3 to 102 cm—3.

value of the n-type Mg,Ge,Sn;_, is much higher than that

It can be seen that the zT

of the p-type, which can be mainly attributed to the much
higher PF for the n-type. The maximum of z7 value reaches
2.45 for the n-type MgrGeg5Sngs at 800 K with a carrier

concentration of 3.28 x 10! ¢cm—3

, mainly due to combina-
tion of high PF and low lattice thermal conductivity. We
note that this value is slightly higher than that of 2.25 for
Mg,rGepsSngs in Ref. [19], which is obtained by the or-
dered supercell method. Similarly, the Mg,Geg 5Sng 75 and
Mg, Gey 75Sng 25 also show high TE performance with zT of
2.31 and 2.40, respectively. These results are higher than the
experimental data of 1.4 for Mg, Ge »5Sng 75 at a different car-
rier concentration of 3.0 x 102 cm™3. At the same concen-
tration, we obtain a z7T" value of 0.9. The differences between
the theoretical and experimental values may originate from the
CSTA or temperature effects or a combination. The maximum
zT value of 0.62 for the p-type MgrGe,Sn;_, solid solution
appears at x = 0.25, which is still about four times lower than
that of the n-type.

800 @

700 ]

T/K

600

500
-8 0 8 -8 0 8 -8 0 8

Carrier concentration n/10" cm—3

Fig. 6. (color online) Calculated zT map of Mg,Ge,Snj_, with (a) x = 0.25,
(b) x =0.5, and (c) x = 0.75 as a function of the carrier concentration n and
the temperature T, respectively. The negative scale of the x axis stands for
the n-type, while the positive scale represents the p-type.

4. Conclusion

In the present paper, the electronic structure and TE prop-
erties of solid solutions Mg,Ge,Snj_, (x = 0.25, 0.5, 0.75)
have been studied by combining the first-principles calcula-
tions and the semi-classical Boltzmann theory. The special
quasi-random structure method is used to produce the struc-
tures to model the solid solutions of Mg,Ge,Snj_,. The
maximum value of z7 is predicted to be 2.45 for the n-
type Mg>Geg 5Sng s at 800 K with a carrier concentration of
3.28 x 10" cm™3, which is mainly due to the combination of
high power factor and low lattice thermal conductivity. The
ZT values of solid solutions are higher than those of their cor-
responding pure compounds. The performance of the p-type
Mg,Ge,Sn|_, is inferior to the n-type one. The maximum
ZT value of 0.62 for the p-type appears in MgrGeg 25Sng 75 at

800 K with a carrier concentration of 8.66 x 10'® cm™3. The

n-type Mg,>Ge,Snj_, solid solutions could be an outstanding
TE material for practical applications due to its good TE per-
formance. For p-type solid solutions, we still need to investi-
gate other ways to enhance the TE performance in our future
studies.
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